Introduction
The changing nature of climate variability over Africa as a result of greenhouse gas warming has seen changes in regional means of temperature and precipitation as well as an increase in the frequency and intensity of extreme events (Easterling et al 2000 , New et al 2006 , Shongwe et al 2011 , Engelbrecht et al 2015 , Zwiers et al 2013 , Sylla et al 2015b , Pinto et al 2016 . This poses a notable threat to sustainable development on the continent where an increased exposure to climate stressors may push systems beyond their coping capacities, especially in vulnerable systems (Field et al 2014) . This is because many systems, biogeophysical, socio-economic and others, have climate-sensitive thresholds which if crossed have deleterious impacts. For example, if crops experience an excess of killing degree-days at worst they fail or at best produce reduced yield (Butler and Huybers 2015) ; crossing heat stress thresholds in vegetation, animals and humans lead to ill health or mortality (Anderegg et al 2012 , Amegah et al 2016 ; at hot, high altitude airports take-off weight restrictions of aircraft may negatively impact the airline industry should temperatures reach a certain threshold (Coffel et al 2015) . Understanding these climate-sensitive thresholds and the potential impact of climate change on these requires climate information that is defensible and scale relevant (in space and time) in order to develop adaptation and policy responses (Hewitson et al 2014) .
The IPCC fifth assessment report (IPCC 2013) reported that under the assumptions of the greenhouse gas concentration-driven representative concentration pathways or RCPs (see section 2), end-of-century mean global surface temperatures relative to [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] are likely to increase by between 0.3 • C-1.7 • C following the RCP2.6 pathway, 1.1 • C-2.6 • C following the RCP4.5 pathway, 1.4 • C-3.1 • C following the RCP6.0 pathway and 2.6 • C-4.8 • C following the RCP8 pathway. Following the release of the AR5, the 2015 Paris Agreement of the 21st Conference of the Parties of the United Nations Framework Convention on Climate Change developed the following statement as a goal: 'Holding the increase in the global average temperature to well below 2 • C above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5 • C' 6 . Although these targets are the subject of some debate (Hulme 2016 , Raftery et al 2017 , it is essential to understand what the regional climate response to these targets over Africa might be as rates and magnitudes of warming across the continent as a result of greenhouse gas emissions are likely to be faster than the global average (Diffenbaugh and Scherer 2011 , Hawkins and Sutton 2012 , Joshi et al 2011 , Mahlstein et al 2013 , Sanderson et al 2011 , Niang et al 2014 . Furthermore, understanding how risk and impact may differ regionally under different degrees of global warming is important to identify regions where the development of adaptation options is most urgent and for climate policy discussions (Rogelj and Knutti 2016) .
Compounding this, the IPCC special report on managing the risks of extreme events and disasters to advance climate change adaptation shows the effect of this warming will initially be seen in the characteristics of extremes such as heat waves, increasing maximum temperatures, fewer cold extremes and more heavy rainfall events (Field 2012) . Projected changes and consequent climate impacts will not be evenly distributed across the globe and local capacities to adapt to or cope with these impacts differs among regions (Orlowsky and Seneviratne 2012) . This is especially relevant over Africa where agriculture, food insecurity and social development are vulnerable to the effect of climate (Thornton et al 2011 , Chen et al 2015 , McDowell et al 2016 . Of particular concern in Africa are heat waves and rainfall extremes because of the devastating impact they have across natural and socioeconomic systems. There has been an increase in the number, spatial extent and duration of heat waves in recent decades (Russo et al 2016 , Ceccherini et al 2017 and downscaled projections suggest that by the end of the century heat waves may become extremely long (more than 60 consecutive days) and frequent (once every two years) in large areas of central Africa, the Sahel, the Horn of Africa, and the Arabian Peninsula (Dosio 2017) and that unusual heat wave conditions today will occur regularly by 2040 under the RCP 8.5 scenario (Russo et al 2016) . Although there is more uncertainty about the sign and magnitude of projected regional rainfall changes, there is robust model evidence to suggest changes in 6 https://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf.
rainfall variability larger than current natural variability over tropical Africa by mid-century (Chadwick et al 2016) , a delay in the onset of the West African Monsoon with increased intensity but decreased frequency of very wet events (Sylla et al 2015a) , and an increase in extreme rainfall and extreme rainfall variability over southern Africa (Pinto et al 2016) and East Africa (Ongoma et al 2018) .
Even though the projected regional rainfall changes are more uncertain than regional temperature changes, it is important for policy makers to understand the individual and cumulative risks associated with both variables. Climate and climate impact information at regional and local scales is therefore critical to (a) improve our understanding of the regional climate response at different global warming levels in terms of means and extremes, (b) assess the regional impact of climate change on regional natural and human systems, (c) provide a robust foundation for policy discussions and (d) to develop regional adaptation options and mitigation policies.
In this focus collection we investigate the potential changes in means and extremes of regional African climates under different global warming levels (GWLs). The regional focus is the target of solicited papers and each paper will have specific information in terms of seasonality and extremes under different GWLs. Below we provide a short literature review that contextualises the need for climate information under different GWLs, especially within the African context (section 3 and 4). Thereafter we introduce the Coordinated Regional Downscaling Experiment (CORDEX) and the potential benefits of using downscaled data from a common climate modelling framework like CORDEX for addressing GWL questions (section 5). Here we also introduce the CORDEX-Africa initiative, members of whom have written the solicited papers of this focus collection. Finally we list the objectives of the focus collection and briefly introduce the solicited papers (section 6).
A note on representative concentration pathways and baselines in GWL studies
Representative Concentration Pathways are a set of scenarios that represent pathways of radiative forcing based on socio-economic and technological development (Van Vuuren et al 2011) . Four scenarios were developed that lead to top-of-atmosphere radiative forcing levels of 8.5, 6, 4.5 and 2.6 W m −2 by the end of the century. General circulation models (GCMs) running transient simulations forced with these RCP scenarios have contributed to the 5th phase of the Climate Model Intercomparison Project (CMIP5) to produce long term simulations that typically span the historical climate from 1850 to the twenty-first century and beyond (Taylor et al 2012) . These simulations are generally forced with observed greenhouse gas (GHG) concentrations until 2006 and with equivalent GHG concentrations to facilitate each RCP from 2006 onward.
The historical period of a transient GCM simulation can be used in GWL studies to establish a baseline departure period from which GWLs are calculated. For each GCM that has performed a transient run e.g. 1850-2100, the year in which the 1.5 and 2 degrees GWL is reached under each RCP can be approximated relative to the particular baseline period used. However, the process is not without caveats. There are different methods employed to reach this approximation (e.g. Mora et al (2013) , Hawkins et al (2014) , Maule et al (2017) ) and the time a GWL is reached can vary up to a decade using the same model and methodology depending on which reference period is chosen (Hawkins and Sutton 2016) . Furthermore, the RCP scenarios were not designed to address threshold concerns, nor to analyze difference between the effects of 1.5 • and 2 • C of global warming (James et al 2017) . The RCP scenarios also diverged from observations in 2005 and since then the global GHG emissions have been closer to RCP8.5 than any other scenario (Le Quéré et al 2016) so a new divergence point is also necessary for updated analysis.
Despite these concerns, within a large model ensemble context like CMIP computing the timing a GWL is reached under a particular RCP scenario relative to a baseline period is still the most widely available option to researchers. This fundamental idea is used for the production of the results reported by the solicited papers in this focus collection.
Regional climate information-a global modelling perspective
Much of out understanding about regional climates under GWLs of 1.5, 2 • C or more have been based on data from GCMs. Using CMIP3 GCMs, James and Washington (2013) show precipitation changes in Africa are insignificant at 1 • C above preindustrial levels, but anomalies become larger at 2 • C which increase in magnitude and spatial extent at 3 and 4 degrees of global warming. The changes they report include a wetting signal in East Africa and a drying signal in southern Africa, the Guinea coast and the Sahelian coast with a delay in the rainy season. Lehner et al (2017) show that although a two-degree increase in global temperature results in only a small change in drought risk over the US Southwest and Central Plains compared to present day, drought risk over the Mediterranean, central Europe, the Amazon and southern Africa increases significantly for both 1.5 • C and 2 • C warming levels, and the additional 0.5 • C from a 1.5 • C-2 • C climate leads to significantly higher drought risk here. Schleussner et al (2016) report increased risk to corals under 1.5 and 2 degrees of global warming and that there are benefits to corals in the former scenario compared to the latter. They also demonstrate projected local yield reductions, particularly for wheat and maize agriculture, in tropical regions of West Africa, South-East Asia, Central and northern South America. Seneviratne et al (2016) scale regional extremes in temperature and rainfall with changes in the global mean temperature and find significant changes in extreme temperature characteristics in the Mediterranean, central Brazil, contiguous USA and Arctic. Mora et al (2013) show that tropical regions are likely to warm much faster than mid-latitude regions with deleterious consequences on tropical biodiversity. Although Hawkins et al (2014) dispute the methodology of Mora et al (2013) , they also demonstrate that the time of emergence (ToE) of a new temperature climate regime in many African regions occurs earlier than most other regions of the world. Even though Mora et al (2014) defend their position in response to Hawkins et al (2014) this argument does not detract from the fact that most regions in Africa are projected to warm at a rate faster than that of the global average. In fact, Chadwick et al (2016) demonstrate changes in tropics to occur by mid-century which is earlier than in Mora et al (2014) and also show that despite uncertainty in the location of future rainfall shifts, GCMs consistently project large rainfall changes over tropical Africa during the twenty-first century.
Regional climate information-a regional modelling perspective
However, as a result of their relatively coarse horizontal grid resolution, GCMs do not adequately capture locally forced responses from e.g. topography, coastlines, land surface heterogeneity and smaller scale mesoscale process nor are extremes well accounted for Mearns 1999, Frei et al 2006) . One solution to this is to dynamically downscale the global models using regional climate models. A regional climate model (RCM) is usually nested in a coarse resolution global data set (e.g. reanalysis or a GCM) over some region of interest and driven at the boundaries by the coarse resolution data. The RCM simulates the climate system in the nested domain taking into account the finer scale regional and local forcings. Regional modelling often adds value to the raw GCM results as the finer horizontal grid resolution allows for the simulation of local scale forcing and processes (Laprise et al 2013 , Crétat et al 2014 , Diallo et al 2015 , Dosio et al 2015 . However, downscaling may sometimes increase the uncertainty range particularly in the precipitation field where trends signs between the driving GCM and the RCM may be opposite (Dosio and Panitz 2016) . This is because a RCM generates its own internal climate variability within the nested domain, which may differ from that of the driving GCM over the same region and lead to different projections of e.g. precipitation changes, especially over topographically complex regions. Furthermore, the internal variability of a GCM-RCM combined ensemble over a solely GCM ensemble (where both ensembles have the same number of GCMs) is likely to be higher as a result of this. Although this is an extremely challenging problem, it is desirable for the climate modelling community to understand the physical and numerical reasons for the opposing signals (see e.g. Saeed et al 2013 , Teichmann et al 2013 , Mariotti et al 2014 , Dosio and Panitz 2016 and for the VIA and policy making communities to consider the effect the opposing signals have on impact modelling results and the subsequent implications for adaptation and mitigation policy.
Relatively fewer numbers of studies use climate data from RCMs to address regional GWL questions. However, there are three coordinated European projects that do in fact consider downscaled data within an impacts framework. The Inter-sectoral Impact Model Intercomparison Project (ISI-MIP) addresses sectoral impacts of warming at each GWL over Europe and other regions of the world (Warszawski et al 2014). In a 'fast track' phase data from CMIP5 GCMs were used by impacts models so that the research could be considered in the IPCC fifth assessment report but in the second phase (ISIMIP2A) downscaled data from CORDEX (see section 5) are also being used. The latest phase (ISIMIP2B) is designed specifically to address the impacts of 1.5 • C of global warming and related low-emission pathways in many sectors including hydrology, vegetation, ecosystems, infrastructure and others (Frieler et al 2017) . The second large coordinated project is the IMPACT2C project (Jacob and Solman 2017) that investigates the impacts of 2 degrees of global warming over Europe on winter tourism (Damm et al 2017a), electricity demand (Damm et al 2017b) , agricultural resilience to drought (Williges et al 2017) , primary production and soil carbon storage (Sakalli et al 2017) and health (Hunt et al 2017) . Within the project there is also focus on tropical Africa (Déqué et al 2017) and over Bangladesh (Zaman et al 2017) . The third project is the High-End Climate Impacts and Extremes (HELIX) project that examines climate change impacts and adaptation at global warming levels of 1.5, 2, 4 and 6 • C. The project investigates the impacts and implications of these GWLs in multiple sectors over Europe, SubSaharan Africa in the Northern Hemisphere and the north-East Indian sub-continent using both global and downscaled data. Examples using downscaled data include Mohammed et al (2017) who show over Bangladesh using CORDEX data an increased likelihood of flooding and higher flood magnitudes in the Brahmaputra River at a GWL of two degrees warming as opposed to that of 1.5 degrees; Chang et al (2017) force an ecosystem model with downscaled GCM data to show significant projected phylogenic shifts in European grassland, and also find a grassland soil carbon sink under warming levels of 1.5 and 2 • C that saturates to gradually become a carbon source when the warming level reaches 3.5 • C.
There are of course other studies outside these coordinated projects. For example, Vautard et al (2014) use regional models from the ENSEMBLES project (van der Linden and Mitchell 2009) to show spatially heterogeneous, higher than global average warming under two degrees of warming over Europe. Grillakis et al (2016) developed a Tourism Climatic Index for the Mediterranean and using data from the ENSEM-BLES project showed that under a two degree warming tourism will be negatively affected during the hot summer months but positively affected in the early and late summer seasons. The hydrological impact of different GWLs was examined over Europe using CORDEX model data to drive five hydrological models and indicated a robust increase in projected discharges over Scandinavia and decreased runoff in Portugal and coastal regions of the Iberian Peninsula, Balkans and France (Donnelly et al 2017). Dosio and Fischer (2017) examine the benefits of limiting global warming to 1.5 • C compared to 2 • C over Europe using CORDEX data and show robust change in minimum summer temperature indices between the two GWLs over most of Europe and over a smaller area for maximum temperature indices. Regional warming is not only a function of space but also of time-some regions are warming at a faster rate than others. Grillakis et al (2016) also show the two degree change should occur between 2031 and 2060 and suggest that these shifts in the climate favourability of Mediterranean countries require early adaptation strategies.
The short review above indicates there are relatively few GWL studies using downscaled data compared to those using GCM data. However, the regional added value downscaling provides behoves analyses of downscaled data and to this end CORDEX provides tremendous potential for such activities.
The CORDEX-Africa initiative
CORDEX was implemented by the World Climate Research Programme with a vision to advance and coordinate the science and application of regional climate downscaling (using both dynamical and statistical methods) through global partnerships (Giorgi and Gutowski 2015) . Four overarching goals lie within this vision which are (1) to better understand relevant regional/local climate phenomena, and their variability and changes, through downscaling, (2) to evaluate and improve regional climate downscaling models and techniques, (3) to produce coordinated sets of regional downscaled projections worldwide and (4) to foster communication and knowledge exchange with users of regional climate information. Africa was identified as a priority region because of its low adaptive capacity and a general lack of RCMs studies targeting the continent, and regional modelling centres were asked to provide downscaled data for the African domain in addition to their region of interest (Giorgi et al 2009) . Following CORDEX experimental and data output protocols 7 12 RCMs have downscaled the Era Interim Reanalysis (Dee et al 2011) and 15 CMIP5 GCMs to a horizontal grid resolution of 0.44 degrees over the African domain. The 15 CMIP5 models are a subsample of the CMIP5 ensemble and include three RCPs (2.6, 4.5 and 8.5). More information about the CORDEX GCM-RCM matrix for Africa is presented in the Nikulin et al (2018) paper of this focus collection.
Although no African climate group has contributed to the production of this ensemble (computational resources in terms of hardware, software and support are generally not available at African research institutions for these types of simulations), the CORDEX data are publically available through the Earth System Grid Federation. To this end, the CORDEX-Africa initiative was developed which brings together climate and vulnerability-impact-adaptation (VIA) scientists to analyze the CORDEX data available for the African domain 8 . The initiative has developed regional, trans-disciplinary teams within sub-Saharan Africa to identify and address key climate vulnerabilities and analyze climate and impacts data appropriately in an effort to distill actionable information from climate data. The cohort has to date published over 30 papers that have evaluated the downscaling models, analyzed projected rainfall and temperature changes as well as the impacts of projected change on hydrological and agricultural systems (see the Publications list on the CORDEX-Africa website).
However, this cohort has not published on the theme of GWLs and in fact we have found only one publication using downscaled data over Africa that does. Déqué et al (2017) use an ensemble of 12 CORDEX models and find that under two degrees of global warming the tropical African region warms faster than the global mean, shows an increase in the frequency of heat waves, a decrease in the number of rain days and an increase in rain intensity, a later onset of the rainy season and less (more) precipitation in the early (late) summer. There are therefore, to our knowledge, no studies that investigate the regional effects of different GWLs over Africa using an ensemble of downscaled climate data nor information on regions outside the Déqué et al (2017) study. The CORDEX-Africa ensemble therefore provides a most comprehensive dataset to be exploited for addressing regional GWL questions over the continent. 7 www.cordex.org. 8 www.csag.uct.ac.za/cordex-africa.
Objectives of this focus collection
Given the review above and the lack of GWL literature over Africa, the concerns raised by Sutton et al (2015) (local climate variability and responses to global warming), Orlowsky and Seneviratne (2012) (lack of regional seasonal analyses) and James et al (2017) (methodological concerns and uncertainty in regional responses) and the goals of the COP21 Paris Agreement, it becomes apparent that much work is needed to enhance our understanding of regional African responses of climate and climate related impacts to 1.5 degrees or more of global warming. The CORDEX-Africa cohort has begun to engage with some of these concerns through an analysis of CORDEX data to address amongst others, the following questions:
1. What are the regional expressions of seasonal mean rainfall and temperature over Africa under various GWLs?
2. What are the regional expressions of seasonal extreme rainfall and temperature characteristics across Africa under various GWLs?
3. How well do models agree on these changes? 4. What difference does 0.5 • C make in regional rainfall and temperature fields?
5. What might the implications of these regionally nuanced climate changes be on climate sensitive systems?
This focus collection was initiated by the CORDEXAfrica community and opened to other authors concerned with GWL questions over Africa. The solicited papers produced by the CORDEX-Africa cohort include a methodological discussion on the assessment approach used in all the papers (Nikulin et al 2018) , and more focused regional analyses for west, east, central and southern Africa presented respectively in Klutse et al (2018) , Osima et al (2018) , Pokam Mba et al (2018) and Maúre et al (2018) .
It should be noted that these are preliminary assessments of the CORDEX scenario ensemble in a GWL context and further detailed analyses are planned within the framework of CORDEX-Africa as funding facilitates.
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